The mitochondrial Oac (oxaloacetate carrier) found in some fungi and plants catalyses the uptake of oxaloacetate, malonate and sulfate. Despite their sequence similarity, transport specificity varies considerably between Oacs. Indeed, whereas ScOac (Saccharomyces cerevisiae Oac) is a specific anion-proton symporter, the YlOac (Yarrowia lipolytica Oac) has the added ability to transport protons, behaving as a UCP (uncoupling protein). Significantly, we identified two amino acid changes at the matrix gate of YlOac and ScOac, tyrosine to phenylalanine and methionine to leucine. We studied the role of these amino acids by expressing both wild-type and specifically mutated Oacs in an Oac-null S. cerevisiae strain. No phenotype could be associated with the methionine to leucine substitution, whereas UCP-like activity was dependent on the presence of the tyrosine residue normally expressed in the YlOac, i.e. Tyr-ScOac mediated proton transport, whereas Phe-YlOac lost its protonophoric activity. These findings indicate that the UCP-like activity of YlOac is determined by the tyrosine residue at position 146.
INTRODUCTION
The metabolite transporters of the mitochondrial inner membrane evolved to co-ordinate mitochondrial and cellular metabolism and thus these transporters are only found in eukaryotes [1] . Although they are predominantly located in mitochondria [2] , other members of this family of carriers have also been found in peroxisomes [3] , chloroplasts [4] [5] [6] and in the endoplasmic reticulum [7] . MCs (mitochondrial carriers) form a protein superfamily that is made up of three groups, depending on whether they transport oxo acids, amino acids or nucleotides. The overall structural organization of MCs has been confirmed after the determination of the crystallographic structure of Ant (adenine nucleotide translocator) [8] . Thus MCs are arranged as a helical barrel which forms a hydrophilic channel that opens towards the cytosol, whereas on the opposite side the barrel is closed by the matrix loops. MCs exhibit three characteristic tandem repeats of a domain comprising approximately 100 amino acids [9] . Each repeat contains two transmembrane α-helices that are interconnected by a long loop on the matrix side. Both the Cand N-terminal ends of MCs are located in the intermembrane space. Another unique feature of MCs is the PX(D/E)XX(R/K) signature motif located on the C-terminal side of transmembrane helices 1, 3 and 5 [9] . Salt bridges between charged residues in these motifs have been proposed to participate dynamically in the transport mechanism, and they may act as switches controlling the opening of a gate near the mitochondrial matrix [10] .
Oacs (oxaloacetate carriers) are almost exclusively found in fungi [11] , although some orthologues have been described in plants [12] and two putative Oacs have been reported in mammals [13] . Oacs transport oxaloacetate, sulfate, thiosulfate, malonate and α-isopropylmalate, either as proton symporters or as homoexchangers. The proposed functions of Oacs include the transport of inorganic sulfur required for iron-sulfur cluster biogenesis [14] , the equilibration of redox equivalents in the form of oxaloacetate [15] and the transport of α-isopropylmalate required for the biosynthesis of leucine [16] . We recently described the dual activity of the YlOac (Yarrowia lipolytica Oac), which acts both as a sulfate carrier and a UCP (uncoupling protein), transporting protons by a fatty acid-and GDP-sensitive process [17] . By contrast, the ScOac (Saccharomyces cerevisiae Oac) is specific for sulfate and does not conduct protons under any of the experimental conditions tested.
The intriguing properties of YlOac prompted us to perform a sequence analysis of the yeast Oacs available. This analysis identified Phe 150 and Leu 254 as two highly conserved residues located at the matrix gate of ScOac and other yeasts, although these residues have diverged in YlOac. Site-directed mutation of Leu 254 to the equivalent residue in YlOac (Met 250 ) appears to produce no phenotype. However, when Phe 150 from ScOac was substituted by tyrosine to mimic YlOac, the S. cerevisiae carrier gained the fatty acid and nucleotide sensitivity characteristic of the Y. lipolytica carrier. By contrast, substitution of YlOac Tyr 146 with phenylalanine resulted in the loss of UCP-like activity. These findings suggest that a single residue located at the Oac matrix gate is responsible for the observed specificity, highlighting the importance of the matrix gate region of MCs to modulate their transport properties.
MATERIALS AND METHODS

Strains
S. cerevisiae BY4741 OAC-knockout strain (Mata; his3 1; leu2 0; met15 0; ura3 0; oac1 ::kanMX4) and Y. lipolytica E129 (MatA; his1-1; ura3-302; leu2-270; xpr2-322) were used. The OAC-knockout strain was obtained from the Yeast Knockout Strains collection from Open Biosystems and the Y. lipolytica strain was a gift from Professor Ulrich Brandt (University of Frankfurt, Frankfurt, Germany). Table 1 Oligonucleotides synthesized for mutagenesis   Name  Sequence   ScOAC1_F  5 -CCCAAGCTTATGTCATCTGACAACTCTAA-3  ScOAC1_R  5 -CCGCTCGAGTTAATTATGGCCTAAAACTC-3  ScOAC1_t449a  5 -CAGTCATTGGCTCTCCATTATATTTGGTGAAAACAAGAC-3  ScOAC1_t449a_antisense  5 -GTCTTGTTTTCACCAAATATAATGGAGAGCCAATGACTG-3  ScOAC1_t760a  5 -GTCGTTATGAACCCATGGGATGTCATTATGACAAGAATCTATAATC-3  ScOAC1_t760a_antisense  5 -GATTATAGATTCTTGTCATAATGACATCCCATGGGTTCATAACGAC-3  Yl OAC1 a437t  5 -GCCGGATCCCCCTTCTTCCTGATCAAGAC-3  Yl OAC1 a437t_antisense 5 -GTCTTGATCAGGAAGAAGGGGGATCCGGC-3
Phylogenetic analysis
In total 19 Oac yeast sequences were retrieved from the NCBI database and an alignment analysis was performed with ClustalW [18] . A phylogenetic tree was reconstructed by the maximumlikelihood method using as the substitution model the JonesTaylor-Thornton method with the phylogenetic analysis software PhyML v3.0. [19] . Oacs from plants, filamentous fungi or the putative metazoan Oacs were excluded. Schizosaccharomyces pombe and Schizosaccharomyces japonicus were included in the analysis.
Plasmids and mutagenesis
Oligonucleotides used in the present study were synthesized by Sigma and are listed in Table 1 .
The ScOAC complete open reading frame (accession number YKL120W) was amplified from the S. cerevisiae BY4741 strain using ScOAC1_F and ScOAC1_R primers. The PCR product was digested and ligated into HindIII-XhoI sites of pYES2 vector [20] . Punctual mutations in either ScOac or YlOac were introduced using the QuikChange ® Lightning Site-Directed Mutagenesis kit (Stratagene), using primers listed in Table 1 , and pMX110 and pYEDP_3525 [17] as templates, generating the plasmids pMX111 (ScOAC F150Y), pMX112 (ScOAC L254M), pMX113 (ScOAC F150Y and L254M) and pMX114 (YlOAC Y146F). Transformations were performed in S. cerevisiae oac as described previously [21] . Single substitutions in ScOAC and YlOAC were confirmed by DNA sequencing.
Induction protocol
S. cerevisiae strains were transformed and precultured in liquid synthetic minimum medium (20 g/l glucose, 1 g/l casamino acids and 6.7 g/l yeast nitrogen base) overnight at 30 • C. Cells were centrifuged (2000 g for 5 min at 4
• C) and resuspended in YPDE medium (5 g/l glucose, 10 g/l yeast extract, 10 g/l peptone and 3 % ethanol) and allowed to grow at 30
• C and 230 rev./min until the stationary phase. When the stationary phase was reached, 2 % galactose was added to the culture medium and incubated for an additional 5 h [20] , obtaining a cell yield of 10-12 g/l. Y. lipolytica was grown on YD medium (2 % glucose and 1 % yeast extract) under vigorous shaking at 30
• C until the stationary phase (18 h). The stationary phase was chosen for our experiments because in this stage the activity of Oac increases [17] . Cells were broken using a bead beater with 0.5 mm glass beads in an ice-jacketed chamber. Mitochondria were isolated by differential centrifugation as reported previously [22] .
Electrophoresis and Western blotting
For Western blotting, mitochondrial extracts from plasmidtransformed S. cerevisiae oac strains each encoding a wildtype or mutant ScOAC or YlOAC were diluted in 0.05 ml of sample buffer [500 mM Tris (pH 6.8), 10 % glycerol, 10 % SDS, 0.05 % 2-mercaptoethanol and 0.01 % Bromophenol Blue) and boiled for 5 min [23] . SDS/PAGE was performed on 12 % polyacrylamide gels. The proteins were electrotransferred on to PVDF membranes for immunoblotting in a buffer with 25 mM potassium phosphate, 25 mM sodium phosphate, 12 mM Tris, 192 mM glycine and 20 % methanol, pH 7.0 [24] . Membranes were blocked with 0.5 % albumin in TBS/T [50 mM Tris, 104 mM NaCl (pH 7.6) and 0.1 % Tween 20] for 1 h. They were then incubated (overnight at 4 • C) with the primary anti-UCP4 antibody (1:2500 dilution), washed with TBS/T, and incubated at 37
• C for 1 h with the HRP (horseradish peroxidase)-conjugated secondary anti-rabbit antibody (1:4000 dilution). Antibodies were diluted in TBS/T. Once the membranes were washed, the bands were developed by chemiluminescence using an ECL (enhanced chemiluminescence) kit [25, 26] .
Mitochondrial sulfate and proton transport
Since the mitochondrial Oac transports oxaloacetate, sulfate and thiosulfate, Oac activity is generally determined by monitoring the rate of mitochondrial swelling in ammonium sulfate [27] . Briefly, mitochondria (0.5 mg of protein per ml) were incubated in an iso-osmotic medium composed of 120 mM ammonium sulfate, 10 mM Tris/HCl (pH 6.8), 1 μM antimycin A, 10 μM atractyloside and 1 mg/ml BSA. Proton transport was determined using the same technique except that mitochondria were incubated in a potassium acetate iso-osmotic medium composed of 200 mM potassium acetate, 10 mM Tris/HCl (pH 6.8), 5 mM K 2 HPO 4 , 1 μM antimycin, 10 μM atractyloside, 2 mM MgCl 2 and 1 mg/ml BSA [28] . Swelling was induced with 1 μM valinomycin. Where indicated, 48 μM linoleic acid, 1 mM GDP or 100 μM mersalyl were included in the incubation medium. Mitochondrial swelling was monitored at 540 nm using an Aminco/Olis DW2000 spectrophotometer in split mode.
Mitochondrial membrane potential
The mitochondrial transmembrane potential was measured at different pH values by following the changes in Safranin O fluorescence [29] in an SLM-AMINCO spectrofluorimeter (SLM Instruments) at 495 and 586 nm. The reaction medium contained 300 mM mannitol, 10 mM Tris/maleate (adjusted to pH 6.0, 6.4, 6.8 or 7.2), 5 mM K 2 HPO 4 , 2 mM MgCl 2 , 0.5 mg/ml BSA, 10 mM succinate, 10 μM atractyloside and 10 μM Safranin O. Each trace was started with 0.5 mg/ml mitochondria that were previously incubated without or with 2 mM GDP. Where indicated, 40 μM linoleic acid or 0.6 μM CCCP (carbonyl cyanide m-chlorophenylhydrazone) was added.
Statistical analysis
Data were analysed using the two-way ANOVA. P < 0.05 was considered statistically significant.
RESULTS
YlOac transports both protons and sulfate
We previously reported that YlOac displays characteristic sulfate transport activity, as well as uncoupling activity that is stimulated by fatty acids and inhibited by nucleotides [17] . To investigate the molecular basis of the UCP-like activity of YlOac, we used an Oac-null S. cerevisiae strain, which was subsequently complemented with either the native (ScOac) or heterologous YlOac. Efficient mitochondrial expression of each of the Oac carriers used in the present study was demonstrated by Western blot analysis using an antibody against UCP4, which adequately detected the Oacs of interest (Supplementary Figure  S1 at http://www.BiochemJ.org/bj/443/bj4430317add.htm). Recombinant expression of ScOac or YlOac led to a marked increase in the rate of mersalyl-sensitive sulfate transport when compared with the strain complemented with the empty pYES vector. This increase in mersalyl-insensitive sulfate transport is likely to reflect the high carrier concentrations obtained upon recombinant expression, which probably requires greater concentrations of mersalyl to achieve total inhibition. Mersalyl inhibits transport in a variety of mitochondrial carriers [11, 30, 31] and in the present study it also inhibited sulfate transport in the two Oac-expressing strains, demonstrating that sulfate transport is protein mediated ( Figure 1A ). Interestingly, ScOac sulfate transport was greater than that of YlOac ( Figure 1A ). These findings indicate that Oac is the main pathway for sulfate transport in S. cerevisiae mitochondria.
To assess the UCP-like activity of each carrier, we measured the fatty acid-activated GDP-sensitive proton transport ( Figure 1B ). Basal proton permeability was very similar in the two Oacexpressing strains and slightly lower in the null strain. Moreover, this basal proton transport activity was GDP-insensitive. Consistent with previous studies [17] , linoleic acid increased the rate of transport in the YlOac-containing strain, but not in the ScOac or null strains. Furthermore, the linoleic acid-stimulated proton permeability of YlOac was fully inhibited by GDP. Interestingly, although mersalyl appeared to have no effect on the proton permeability of the ScOac or null strains, it fully abolished fatty acid-induced proton conductance in YlOac. In agreement with our previously published findings [17] , these results demonstrate that YlOac, but not ScOac, exhibits UCP-like activity.
A point mutation in the matrix network eliminated the UCP-like activity of the YlOac
The reconstructed phylogenetic tree generated from the Oac sequences available shows the early diversion of the Y. lipolytica carrier from that of the Saccharomycetales (Figure 2A ). This is in agreement with the proposed yeast lineage [32] . Furthermore, analysis of the multiple sequence alignment revealed that The rate of mitochondrial swelling was determined in iso-osmotic ammonium sulfate buffer. (B) Proton transport was determined in iso-osmotic potassium acetate buffer once valinomycin was added to the reaction mixture. Swelling rates were measured spectrophotometrically and the changes in light scattering that were followed at 540 nm are shown as absorbance units (a.u.). Results are means + − S.E.M. for five independent experiments each performed in triplicate. *P < 0.05 as compared with basal transport. a.u., arbitrary unit.
Saccharomycetaceae Oacs share 55-58 % sequence identity with YlOac, as opposed to the 70 % sequence identity with members of the same taxonomic group (e.g. ScOac compared with KlOac).
We previously used phylogenetic analyses to search for residues that confer specific properties to a paralogue within the MC family. Analysis of the bioenergetic properties of the uncoupling protein UCP1 when Glu 134 was replaced with aspartic acid, a residue that occupies the equivalent position in UCP2 and other MCs, demonstrated that this residue is essential for the characteristic fatty acid-independent basal proton permeability of UCP1 [33] . In the present study, we conducted a similar analysis with the Oac family, focusing on the residues proposed to determine carrier specificity.
It has been proposed that two clusters of residues flanking the putative substrate-binding site in the central cavity of mitochondrial transporters mediate the opening and closing of the carrier [10, 34, 35] . Each cluster comprises a triplet of residues and thus they exhibit a high degree of symmetry and conservation. Moreover, charged residues in the triplet probably form a saltbridge network (the triplets contributing to the two networks in known yeast Oacs are shown in Figure 2B ; the residues participating in hydrogen bonding are underlined). Our analysis focused on the two carriers that exhibit differential behaviour (ScOac and YlOac) and the shared-derived residues identified in all yeast Oacs that diverge in the Y. lipolytica carrier. No residues with the specified characteristics were evident when the sequences of the cytoplasmic network were analysed. By contrast, in the matrix network, in which sequence conservation is higher, two YlOac residues, Tyr 146 and Met 250 (shown in bold characters in Figure 2B ), diverged from the consensus and from the amino acids found in ScOac.
To determine whether the two diverting amino acids play a role in the unusual uncoupling properties of YlOac, we generated two ScOac mutants each harbouring a single amino acid change, F150Y and L254M. In addition, a third ScOac mutant was constructed using the double substitution F150Y/L254M. Analysis of the bioenergetic properties of the three mutants revealed that mersalyl-sensitive sulfate transport was retained in the three ScOac mutants, although it was significantly reduced in the F150Y mutant and the double mutant ( Figure 3A) . Analysis of proton permeability revealed that substitution of Phe 150 for tyrosine in ScOac induced nucleotide-sensitive fatty acid-induced proton transport activity similar to that of the YlOac, although with a significantly lower proton-transport rate ( Figure 3B ). By contrast, proton permeability was not altered by the L254M mutation. The double mutant also exhibited fatty acid activation, although the induced proton conductance was lower than that of the F150Y mutant. Based on the apparent critical role of Tyr 146 in the YlOac response to fatty acids, we constructed a new mutant where YlOac Tyr 146 was replaced by phenylalanine, which is the residue found in the S. cerevisiae carrier. Although sulfate transport activity was retained in this mutant ( Figure 3A) , the GDP sensitivity of fatty acid-induced proton transport diminished dramatically ( Figure 3B ) as compared with the wild-type YlOac (shown in Figure 1B ).
Linoleic acid activates the sulfate transport activity of YlOac
We next sought to determine whether the sulfate transport activity of each of the native carriers (YlOac and ScOac) shares the same sensitivity to fatty acids and nucleotides observed for proton transport activity. We tested the effects of linoleic acid and GDP on the rate of sulfate transport in each of the strains containing the native carriers ( Figure 4A ). Basal sulfate transport was low, but detectable in the null mutant, probably due to nonspecific transport of other MCs [11] , whereas sulfate transport was greater in the ScOac strain than in the YlOac strain ( Figure 4A ). Linoleic acid increased sulfate transport in the YlOac strain, but not in the ScOac strain, whereas GDP, either alone or in combination with linoleic acid, had no effect on sulfate transport. The activating effect of linoleic acid on YlOac was lost in mitochondria previously incubated with mersalyl, but not in those pre-incubated with GDP, indicating that the two inhibitors act through different mechanisms. As sulfate and other anions have been shown to compete with nucleotides for binding to UCP1 [36] , the high sulfate concentration in the transport assays probably prevents GDP binding. Accordingly, we observed only a minor inhibitory effect of GDP on native YlOac in the presence of linoleic acid ( Figure 4A ). Neither the ScOac nor pYES strains were sensitive to linoleic acid, indicating that this is a specific property of YlOac.
To identify the residues essential for the stimulation of the YlOac transport activity by linoleic acid, we quantified the fatty acid sensitivity of the ScOac mutant strains. F150Y ScOac, but not L254M, ScOac, was activated by linoleic acid ( Figure 4B ). In Figure 1B ). D represents the double mutant containing both substitutions F150Y and L254M. Mutant strains F150Y, L254M and double were constructed on ScOac, whereas Y146F was constructed on YlOac. Results are means + − S.E.M. for five independent experiments each performed in triplicate. *P < 0.05 with respect to linoleic acid; #P < 0.05 with respect to basal transport. a.u., arbitrary unit.
YlOac, the single mutation Y146F induced the opposite effect, i.e. linoleic acid stimulation was lost. As in the native ScOac, GDP failed to inhibit sulfate transport in the Y146F mutant. Incubation with mersalyl prevented linoleic acid-mediated activation and strongly inhibited sulfate uptake in all mutant strains.
To determine whether the observed effects of linoleic acid occurred in the native YlOac in its original environment, we isolated mitochondria from Y. lipolytica ( Figure 4C ). The results are not quantitatively comparable due to the different growth conditions used for S. cerevisiae and Y. lipolytica. Nonetheless, linoleic acid activated the transport of sulfate in a GDP-insensitive fashion in Y. lipolytica mitochondria, as seen in heterologously expressed YlOac and in the F150Y and double-mutant strains. These observations confirm that sensitivity to linoleic acid is a feature of YlOac not present in ScOac.
The UCP-like activity effects on the transmembrane potential are pH dependent Activation of a UCP should lead to an increase in the membrane proton conductance, decreasing the transmembrane potential ( ). To test this, we investigated whether the in the different strains used in the present study was affected by activation of the UCP-like activity. Mitochondria were incubated at pH 6.8, in the presence or absence of GDP, and added to a substratecontaining medium to establish a high stable . Linoleic acid was then added to activate UCP-like activity. Representative , and for the empty plasmid-containing strain (pYES). GDP-sensitive drop activated by linoleic acid is plotted as a function of the pH for the wild-type and Y146F-YlOac strains (D) and for the wild-type and F150Y-ScOac strains (E). ᭹, wild-type genes; ᭺, point mutations; ᮀ, controls with the empty plasmid pYES. *P < 0.05 with respect to the other Oac-containing strain (mutant or wild-type, as indicated); #P < 0.05 with respect to the pYES empty plasmid-containing strain. CCCP, carbonyl cyanide m-chlorophenylhydrazone.
fluorescence traces for wild-type compared with the Y146F-YlOac strains ( Figure 5A ) and for wild-type compared with F150Y-ScOac ( Figure 5B ) strains are shown. The linoleic acid-promoted decrease of was larger in the YlOac strain than in all others, in agreement with its high protonophoric activity (See Figure 1B) . Addition of linoleic acid to the wild-type YlOac strain induced a large GDP-sensitive decrease in ( Figure 5A , traces a and b). By contrast, in the mutant Y146F-YlOac strain the effect of linoleic acid was small both in the presence and absence of GDP ( Figure 5A, traces c and d) . In the wild-type ScOac, linoleic acid induced a mild decrease in in the control ( Figure 5B , trace a), which was smaller in the presence of GDP ( Figure 5B, trace c) . Conversely, the F150Y-ScOac strain exhibited a stronger response to linoleic acid that was abolished by incubation with GDP ( Figure 5B, traces c and d) . The summary of these experiments, presented as the value of the GDP-sensitive drop is shown in Figure 5 (C). Since the pH dependency of the effect of linoleic acid could provide clues to the uncoupling mechanism, we next measured the effect of the pH on the activation of UCP-like activity. The results, plotted as the GDP-sensitive effect on are shown for the wild-type YlOac and its Y146F mutant ( Figure 5D) , and for the wild-type ScOac and its F150Y mutant ( Figure 5E ). The uncoupling activity only showed a marked pH dependency with the wild-type YlOac, with a decrease in activity at the higher pH tested.
DISCUSSION
Structural and mechanistic implications
Experimental evidence suggests that the substrate-binding site in the MC family is located in the mid-section of the cavity at the centre of the protein [37] [38] [39] . In addition, it was previously proposed that interaction between this region and the matrix network is essential for transport [34] . According to this model, the substrate-binding site confers specificity to the carrier [34] , although comparisons with different yeast Oac sequences revealed no particular features of the binding site to explain the dual behaviour of YlOac. Nevertheless, the transport mechanisms for carriers appear to differ: both YlOac and ScOac function as a proton-sulfate symporter, but YlOac also acts as a nucleotidesensitive fatty acid-activated H + uniporter, as described for UCP1. In all cases, the transport mechanism involves a proton symport, suggesting that these carriers are highly dependent on the protonmotive force. Indeed, proton symport has been implicated in the transport of sulfate, oxaloacetate and dicarboxylates [11, 34, 40] . Although the basal YlOac-mediated sulfate transport activity was lower than that observed for ScOac, it was strikingly sensitive to linoleic acid, which induced a 2-fold increase in YlOacmediated sulfate transport. This finding contrasts with previous reports that fatty acids or fatty acid derivatives compete with the natural substrates of different carriers. Thus it would appear that under some conditions fatty acids inhibit substrate translocation [41] , whereas in other cases, these acids can induce carriermediated uncoupling activity. This uncoupling activity is inhibited when the substrate is present [42] [43] [44] [45] . We show that in YlOac, and in the F150Y and double-mutant strains, proton transport is a consequence of the presence of a single tyrosine residue in the second motif located at the C-terminal end of helix 3. In UCP1, the central region adjacent to the central matrix loop, comprising helix 3 and 4, is involved in fatty acid regulation [46, 47] . Therefore it is likely that the tyrosine mutation disturbs the central matrix region of the protein, favouring a UCP-like mechanism. This may constitute a general mechanism in other MCs known to mediate the uncoupling effects of fatty acids.
Another important difference was the lower rate of sulfate transport mediated by YlOac than by ScOac ( Figure 1A ). This unexpected behaviour may be explained in the same manner as the UCP-like behaviour, i.e. the presence of the tyrosine residue induces a conformational change that increases the energy barrier, thereby decreasing the rate at which the substrate reaches the transition state for transport. By contrast, a higher transport rate was observed when phenylalanine was present (ScOac and Y146F YlOac), suggesting a lower energy barrier surrounding the transition state.
It is likely that GDP and sulfate share binding sites within the central cavity, although the nucleotide-binding sites of UCP1 and Anc (adenine nucleotide carrier) remain poorly described [48] [49] [50] . Experimental evidence indicates that the three symmetric arginine residues located in the substrate-binding site of Anc and UCP are responsible for polyphosphate binding. Furthermore, a second region located in the matrix loops stabilizes the adenine/guanine moiety of the nucleotide. ScOac and YlOac also contain these same symmetric arginine residues in the substratebinding site and, therefore, GDP probably binds to the central cavity of each carrier, competing with sulfate for the binding site.
Metabolic and evolutionary considerations
Despite the absence of yeast orthologues in the UCP family, we previously described UCP-like activity in Y. lipolytica mitochondria as it exhibited fatty acid-activated nucleotidesensitive proton conductance [17] . This activity was more pronounced in the stationary than in the mid-exponential growth phase. The search for the carrier responsible for this UCP-like activity identified the Oac as the mediator of proton conductance, in agreement with the present findings.
Mitochondrial anion carriers are subject to strong negative selection [51, 52] , which confers the substrate selectivity and preserves transport mechanisms acquired during evolution. YlOac deviates significantly from its orthologues in other yeasts, sharing only a 50-60 % sequence identity. This variation in carrier sequence correlates with the early divergence of Y. lipolytica in the hemiascomycetous yeasts, suggesting functional divergence in this carrier protein. Indeed, the sequence variation was associated with the acquisition of additional transport properties not found in other yeast Oacs. Non-synonymous substitutions, possibly acquired by positive selection, may facilitate the adaptation of this Oac to the highly specialized hydrocarbon aliphatic metabolism of this yeast. Hence non-synonymous substitutions may confer a metabolic advantage to the host depending on the environmental context, such as the metabolic advantage conferred to yeasts that obtain carbon from hydrophobic compounds rather than carbohydrates. In the present paper, we show that such uncoupling activity is absent in the ScOac and we identify a key residue that confers YlOac with its distinct behaviour. Thus we show that Tyr 146 of the YlOac was critical for the dual activity of this carrier. Indeed, both its high protonophoric activity and the sensitivity to linoleic acid and GDP were abolished when this residue was mutated. Moreover, this UCP-like activity was not observed in the phenylalaninecontaining ScOAC, whereas a mild UCP-like activity was observed in the F150Y-ScOac mutant. Therefore, acquisition of this tyrosine residue appears to have been an important step in the development of a new type of carrier, which eventually evolved to specialize as a bona fide UCP. Transfer of the tyrosine residue to the ScOac resulted in only mild UCP-like properties, indicating that additional factors are required to convert an Oac into a UCP. Further experiments will be necessary to identify these factors.
Y. lipolytica is an oleaginous yeast that, in stark contrast with other yeast species, exhibits dynamic fatty acid metabolism [53, 54] . Y. lipolytica stores large amounts of triacylglycerols in lipid bodies, which act as energy sources during the stationary phase. Release of fatty acids is followed by their oxidization by peroxisomes [55] and acetyl-CoA units produced by β-oxidation are mainly oxidized by the carnitine shuttle, found in most fungi. The glyoxylate cycle plays an important role as the main anaplerotic pathway under these conditions, producing succinate to replenish the Krebs cycle and malate required for mitochondrial citrate export [56] . Surplus mitochondrial oxaloacetate is exported via Oac and largely consumed via gluconeogenesis [57] . Moreover, fatty acids can stimulate transport via Oac, suggesting that oxaloacetate efflux can be enhanced when fatty acids are used as an energy source, favouring the generation of phosphoenolpyruvate via phosphoenolpyruvate carboxykinase, as well as the subsequent glucose production [58] . We previously proposed an alternative role for YlOac whereby fatty acid-stimulated proton conductance is linked to the decrease in mitochondrial ROS (reactive oxygen species) production and/or the reoxidation of NAD(P)H under the conditions of low ATP demand found during the stationary phase [17] .
AUTHOR CONTRIBUTION
Luis Luévano-Martínez proposed the study and conducted experiments and analysis; Carlos Barba-Ostria performed the molecular biology work, designed the mutants, made the plasmids and generated the mutants; Daniela Araiza-Olivera and Natalia Chiquete-Félix screened the UCP antibodies for the Oacs and evaluated the protein expression; Sergio Guerrero-Castillo aided in the design of the study and performed the experiments; Eduardo Rial and Salvador Uribe-Carvajal initiated the collaboration and provided funding co-ordination and advice together with Dimitris Georgellis. All authors participated in discussion of the results and the writing of the paper. 
